Activation of the innate immune system is thought to contribute to depression. Multiple social and behavioral factors are also known to instigate depression. Whether these socio-behavioral factors interact with inflammatory stimuli to alter proinflammatory responses and depressed mood is not known. In 115 healthy adults, social, emotional, and behavioral factors were assessed at baseline. A single infusion of endotoxin (Escherichia coli; 0.8 ng/kg of body weight) or placebo (0.9% saline) was administered with hourly assessment of depressed mood and proinflammatory cytokines (interleukin-6 (IL-6); tumor necrosis factor-α (TNF)). Inflammatory gene expression was examined at 30 min after infusion, prior to increase of inflammatory cytokines. As compared to placebo, endotoxin-induced increases of depressed mood were moderated by baseline levels of perceived stress, trait sensitivity to social disconnection, and severity of symptoms of anxiety and depression (all Ps < 0.05) but not early life stress, social status, social support, neuroticism, or sleep disturbance. Anxiety symptoms remained significant in multivariable analyses (P < 0.01). None of these socio-behavioral factors were related to increases in proinflammatory cytokines. Transcriptome profiling analyses indicated that perceived stress, sensitivity to social disconnection, and depressive symptoms were associated with increased activation of pro-inflammatory transcription control pathways (i.e., activator protein-1, nuclear factor-κB) in response to endotoxin (all Ps < 0.05). These results indicate that an array of socio-behavioral factors, which are associated with depression risk, modify vulnerability to inflammation-induced depressed mood. Together, these observations may be used to help target therapeutic interventions to mitigate occurrence of the inflammatory biotype of depression. 
INTRODUCTION
Depression, among the most common of all psychiatric disorders [1] , is a biologically heterogeneous disorder. In addition, social factors (i.e., social rejection) [2] and behavioral symptoms (i.e., anxiety, sleep disturbance) [2] [3] [4] [5] are proximal, as well as independent, predictors of depression onset. To prospectively identify those at risk and to inform development of targeted strategies for the prevention and treatment of depression, it is critical to understand how these conceptually distinct sociobehavioral factors interact with biological mechanisms to induce depressive symptoms.
One biological phenotype of depression is thought to stem from excessive activation of the innate immune system [6] . Some depressed patients show elevated levels of systemic inflammatory markers [7] , along with increased expression of inflammationrelated genes in monocytes or peripheral blood mononuclear cells [8, 9] . Moreover, among the substantial minority (i.e., about 30%) of patients with elevated levels of inflammation [10] , treatment response varies along with inflammation [10] [11] [12] [13] .
Inflammation may have a causal role in inducing the inflammatory biotype of depression. In those with an inflammatory disorder, depression is three times more prevalent [2] , and inflammation prospectively predicts incident depression [14] . Moreover, experimental induction of inflammation using endotoxin [15] [16] [17] [18] [19] [20] , pharmacologic doses of interferon (IFN)-α [21, 22] , or typhoid vaccination [23] can induce depressive symptoms in non-depressed adults and alter neural activity in depressionrelevant brain systems [16, 17, 23] . However, there is striking heterogeneity in inflammatory and depression responses to inflammatory stimuli. Indeed, female sex [19, 20] and sleep disturbance [24] , two risk factors of depression, heighten vulnerability to depressed mood in response to inflammatory challenge.
Socio-behavioral factors, implicated in enhancing inflammation [25] , may also contribute to the inflammatory biotype of depression [2] . The social signal transduction hypothesis of depression suggests that individuals' perceptions of adversity (e.g., perceived stress) are shaped by several influences, including social-environmental conditions during childhood and adulthood (e.g., early life stress, perceived social status, social support), as well as emotional traits (e.g., neuroticism, sensitivity to social disconnection) [2, 19, 20] . In response to perceived stress, these socio-emotional factors amplify symptoms of anxiety, as well as depressive symptoms and sleep disturbance, which in turn activate social signal transduction pathways that upregulate proinflammatory mediators (i.e., interleukin-6 (IL-6), tumor necrosis factor-α (TNF)) [2] . Given evidence that anxiety, as well as anxiety disorders, temporally precede the onset of depressive disorders and that anxiety and depression perhaps arise from a similar personality trait or biological process [26, 27] , as further evidenced by shared genetic risk variance [28] , anxiety symptoms may have a unique role in amplifying inflammation-induced depressed mood. Proinflammatory transcriptional changes in circulating leukocytes are also reported to be associated independently with many of these factors, including perceived stress, early life stress, low perceived social status, sensitivity to social disconnection, and sleep disturbance [2, 29] ; such skewing of the leukocyte basal transcriptome toward a proinflammatory state may increase the likelihood of depressive responses [29] [30] [31] .
This study examined the effect of experimental challenge with low-dose endotoxin vs. placebo on depressed mood and inflammatory responses in a large sample of healthy adults and tested whether baseline levels of socio-emotional variables (i.e., perceived stress, early life stress, perceived social status, social support, neuroticism, trait sensitivity to social disconnection [19, 20] ) and behavioral symptoms (i.e., state of anxiety or depressive symptoms, sleep disturbance) moderated the magnitude of depressed mood responses, as well as the magnitude of response of proinflammatory cytokines (i.e., IL-6, TNF). For those factors that moderated depressed mood responses, we also examined moderating effects on two key proinflammatory transcription control pathways known to mediate leukocyte responses to endotoxin activation of the lipopolysaccharide receptor-activator protein (AP)-1 and nuclear factor (NF)-κB. Moreover, the state of anxiety, as a proximal predictor of depression, was hypothesized to have a salient role in moderating greater increases in depressed mood in response to endotoxininduced inflammatory exposure as compared to placebo.
METHODS

Participants
One hundred and fifteen healthy participants (mean age 24.2 ± 6.6 years; 69 females and 46 males) completed a randomized study of endotoxin vs. placebo administration (Fig. 1S) [19, 20] . Inclusion and exclusion criteria were previously described [19, 20] . All subjects provided written consent; procedures were approved by the UCLA Human Subjects Protection Committee.
Procedures
This randomized, double-blind, placebo-controlled study was conducted between March 2011 and August 2013. (NCT01671150) Partial results previously reported are: varying depressed mood responses due to sex [19, 20] or pre-existing sleep disturbance [24] , varying inflammatory response due to sensitivity to social disconnection [19, 20] , endotoxin effects on positive and negative social feedback [32] , and activation of the ventral striatum in relation to social reward [33] . No prior study has comprehensively and simultaneously examined the moderating roles of multiple socio-behavioral factors on depressed mood and proinflammatory responses to an experimental inflammatory challenge.
Each participant was randomly assigned (RO) by computergenerated 1:1 allocation algorithm to receive either low-dose endotoxin (0.8 ng/kg of body weight, E. coli group O:113 BB-IND 12948 to MRI) as provided by the National Institutes of Health Clinical Center [34] or placebo (same volume of 0.9% saline) as an intravenous bolus. To verify inflammatory activation, circulating levels of IL-6 and TNF were measured at baseline (T0) and then every hour post-administration over 6 h (T1-T6); endotoxin administration led to over ten-fold increases of IL-6 and TNF levels [19, 20] , consistent with findings by others [35] , and comparable to endotoxin as currently formulated (CCRE Reference Endotoxin PDS Lot: 139926, Manufacturer Lot: 94332B1). This dose of endotoxin mimics increases in inflammation as found in inflammatory disorders, infections, and psychological stress [36] [37] [38] . Blood was collected for gene expression analyses at two timepoints (T0 and 30 min later, T0.5), because peak RNA response precedes peak protein levels [19, 20] . Depressed mood and physical sickness symptoms were assessed from T0 to T6 [19, 20] .
Primary outcome Change in depressed mood from T0 to T2 was the primary outcome as assessed by the depression subscale of the short-form Profile of Mood States (POMS) [39] . The T2 timepoint was selected because endotoxin induces peak increases in depressed mood at 2 h after exposure. Temporal profile of POMS depressed mood from T0 to T6, controlling for T0 levels, was secondarily examined as an outcome [19, 20] Secondary outcome Change in plasma levels of IL-6 and TNF across the temporal profile from T0 to T6 was a secondary outcome [19, 20] , as quantified by high-sensitivity bead-based multiplex (Luminex) immunoassays (Performance High Sensitivity Human Cytokine, R&D Systems, Minneapolis, MN, USA) [19, 20] .
A related secondary outcome was change from T0 to T0.5 in proinflammatory signaling activity in peripheral blood mononuclear cells (PBMC), assessed using bioinformatic quantification of pro-inflammatory transcription factor activity derived from linear model analysis of (log2-transformed) gene expression profiling data. Transcriptome profiling analyses were conducted solely to provide point estimates of differential gene expression and to serve as input into the bioinformatics analysis of transcription factor activity. Analyses of transcription factor activity were conducted on a "protected testing" basis (i.e., only for sociobehavioral variables that emerged as statistically significant moderators of endotoxin effects on depressed mood. Genomewide transcriptional profiling was conducted on isolated PBMC using Ambion TotalPrep cRNA targets hybridized to Illumina HT-12 v4 bead arrays, as performed in the UCLA Neuroscience Genomics Core Laboratory following the manufacturer's standard protocol [19, 20] . Of the 115 participants, 111 provided blood samples at both T0 and T0.5; all paired samples yielded sufficient RNA for analysis, were assayed in a single batch, and provided valid results according to standard data quality metrics (e.g., median probe fluorescence intensity >100 units).
Moderators of outcome
Demographic and clinical variables. Background characteristics including age, sex, and educational level were obtained, along with assessment of body mass index (BMI); these variables were entered as covariates because each is associated with depression risk, inflammation, or both [2] .
Socio-emotional variables. Socio-emotional measures were obtained at T0; this set of variables was selected because each has been found to be a proximal, and independent, risk factor for inflammatory activity or depression [2] including perceived stress (i.e., Perceived Stress Scale) [40] ; early life stress (i.e., Risky Families Questionnaire) [41] ; perceived social status (i.e., Scale of Subjective Social Status) [42] ; social support (i.e., short form Social Support Questionnaire) [43] ; neuroticism (i.e., Eysenck Personality Inventory) [44] ; and trait sensitivity to social disconnection [19, 20] (i.e., a composite of the Brief Fear of Evaluation Scale [45] , Mehrabian Sensitivity to Rejection Scale; [46] , UCLA Loneliness Scale [47] , and anxious attachment subscale of the Experiences in Close Relationships-Revised questionnaire [48] (see refs. [19, 20] ).
Behavioral measures. Symptoms of anxiety and depressive symptoms were also assessed at T0 (i.e., Beck Depression and Beck Anxiety Inventories) [49] to evaluate the state of symptom severity during the preceding week ("the past week, including today"). The Pittsburgh Sleep Quality Index was used to assess perceived sleep disturbance [50] .
Sample size For changes in depressed mood (i.e., primary outcome), endotoxin administration has a moderate effect (0.52) [15] [16] [17] [18] [19] [20] , and 50 per treatment group provides a statistical power of 90% (α = .05).
Statistical analysis
Given that each of the selected socio-behavioral factors has been found to contribute uniquely to depression [2] , separate univariate analyses of covariance (ANCOVA), controlling for covariates (i.e., age, sex, years of education, and BMI), were first used to examine separate moderator main effects and interaction with endotoxin vs. placebo condition on change in depressed mood from T0 to T2; values were log transformed owing to positive skew. Secondary analyses using ANCOVA [19, 20] examined each moderator main effect and interaction with endotoxin vs. placebo condition on the temporal profile of POMS depressed mood from T0 to T6, covarying for T0 baseline levels of depressed mood and covariates. Analyses were adjusted for multiple comparisons by Simes correction. These moderators have known independent effects on depression and inflammation [2] . However, because several moderators share overlapping variance (i.e, correlations between neuroticism and depressive symptoms (r = 0.62, P < 0.001), depressive and anxiety symptoms (r = 0.59, P < 0.001), and perceived stress and trait sensitivity to social disconnection (r = 0.56, P < 0.001)), a multivariate analysis of variance was used to assess the relative importance of moderators.
For secondary outcome of IL-6 and TNF, moderators were tested on the temporal profile of cytokines levels from T0 to T6, covarying for respective T0 baseline levels and above covariates; values were log transformed for normality. IBM-SPSS version 24 was used.
For bioinformatic analyses of transcription factor activity, raw gene expression data were quantile-normalized [51] and log2-transformed for general linear model analyses quantifying the magnitude of within-subject change in transcript abundance from T0 to T0.5 (i.e., a pre-post difference score) as a function of a main effect of condition, main effect of moderator (expressed as a z score), and condition×moderator term, with the above covariates. Hence, this analysis examined response differences between endotoxin and placebo conditions at the two timepoints and whether socio-behavioral factors differentially influence responses, accounting for possible T0 differences in gene expression as well as the relation of condition and of moderator to T0. To identify transcription control pathways that might vary in parallel with differential responses of depressed mood to endotoxin as a function of the moderator, TELiS promoter-based bioinformatics analyses [52] were performed on all gene transcripts showing a point estimate of ≥1.2-fold in the condition×moderator interaction term (i.e., magnitude of difference in the endotoxin vs. placebo effect over the range from −2 SD to +2 SD relative to mean value of the moderator) [19, 20] . The 1.2-fold effect size threshold was pre-specified by prior research [53] to generate differentially expressed gene sets with a balance between specificity and statistical power for downstream analysis of transcription factor activity. These putatively associated genes were subject to TELiS promoter-based bioinformatic analysis to assess activity of NF-κB (using the TRANSFAC V$NFKB_Q6 transcription factor-binding motif weight matrix) and AP-1 (V $AP1_Q6). Although not hypothesized a priori, ancillary analyses tested for potential moderation of Type I IFN responses using the V$ISRE_01 weight matrix. Transcription factor activity was assessed by the log-ratio of transcription factor-binding motifs in the promoter sequences of upregulated genes vs. downregulated genes (ensuring that all analyzed genes can potentially be expressed in PBMC and avoiding cell-type-specific bias in transcript expression patterns), with results averaged across 9 parametric combinations of 3 promoter sequence lengths (−300 bp upstream of the RefSeq gene transcription start site, −600 bp, and −1000 to +200 bp) and 3 stringencies for motif detection (Transfac mat_sim values ≥0.80, 0.90, and 0.95). Statistical inference for bioinformatics results was based on standard errors derived by bootstrapping of linear model residuals (200 cycles of resampled residual vectors, which controls for any potential correlation among residuals across genes) [54] . Low-level transcript-phenotype associations (Supplement, Differentially Expressed Genes) were estimated solely to provide point estimate inputs into high-level TELiS gene set analyses and were not tested for statistical reliability at the level of individual genes. Although changes in composition of circulating immune cells can occur with potent inflammatory stimuli that induce sympathetic activation, endotoxin (0.8 ng/kg) induces only modest increases in sympathetic activation as indexed by increases in heart rate, [35] with such increases found at 2-3 h, but not within the first hour (i.e., T0.5); transcript origin analyses was not performed in the absence of anticipated change in primary cell source of differentially expressed genes from T0 to T0.5. Figure 1S (Supplement) shows the flow of subjects [19, 20] . Table 1S (Supplement) provides the descriptive characteristics of the sample at baseline T0, with no group differences between the conditions in any of the socio-emotional or behavioral variables except for higher perceived social status and lower levels of sleep disturbance in the endotoxin group (Ps < 0.05).
RESULTS
Baseline sample characteristics
Moderators of change of depressed mood in response to endotoxin Socio-emotional variables. Perceived stress and sensitivity to social disconnection interacted with endotoxin vs. placebo and predicted greater increases in depressed mood in the endotoxin condition (Ps < 0.05; Table 1 ; Fig. 1 ). However, within the endotoxin condition itself, neither perceived stress nor sensitivity to social disconnection was related depressed mood. Neither early life stress, perceived social status, social support, nor neuroticism interacted with endotoxin vs. placebo to predict differences in change in depressed mood.
Behavioral symptoms. Severity of baseline levels of self-reported anxiety (P < 0.001) and depressive symptoms (Ps < 0.05), but not sleep disturbance, interacted with endotoxin vs. placebo to predict greater increases in depressed mood in the endotoxin condition (Table 1 ; Fig. 2 ). Within the endotoxin condition itself, self-reported anxiety, but not depressive symptoms or sleep disturbance, predicted increases in depressed mood (P = 0.002).
Adjustment for multiple comparisons did not substantially alter results, in which moderator interactions remained for perceived stress (P = 0.03), sensitivity to social disconnection (P = 0.06), anxiety symptoms (P = 0.004), and depressive symptoms (P = 0.02). Finally, given sex differences of depressed mood in response to endotoxin vs. placebo [19, 20] , sensitivity analyses evaluated whether the moderator effects were sex specific; moderator results for perceived stress, sensitivity to social disconnection, and anxiety and depressive symptoms did not differ by sex (all Ps > 0.2). Whereas female sex predicts greater depressed mood response to endotoxin, sex does not alter the influence of sociobehavioral moderators on depressed mood response.
For temporal profile of depressed mood from T0 to T6, similar results were obtained with moderation by perceived stress, sensitivity to social disconnection, and baseline levels of anxiety and depressive symptoms (all Ps < 0.05; data not shown).
Relative contribution of socio-emotional and behavioral variables.
In multivariate analyses, anxiety remained a significant moderator to predict increases in depressed mood in response to endotoxin (P < 0.01), considering simultaneous contribution of all other socio-behavioral factors (Table 2S , Supplement).
Moderators of inflammatory response to endotoxin Secondary analyses examined whether moderators interacted with endotoxin to predict changes from T0 to T6 in IL-6 and TNF levels. Only sensitivity to social disconnection interacted with endotoxin vs. placebo and predicted greater increases of TNF in the endotoxin condition (P < 0.05), as previously reported [19, 20] , although this effect was no longer significant after adjusting for multiple comparisons (P > 0.1; Table 3S ).
Moderators of inflammatory transcriptional profiles to inflammatory challenge
To explore whether proinflammatory gene transcription activity might be moderated by the select set of socio-behavioral variables that were related to depressed mood responses to endotoxin (i.e, perceived stress, sensitivity to social disconnection, and symptoms of anxiety and depression), we analyzed genome-wide transcriptional profiles of PBMC sampled at T0 and T0.5 after endotoxin (or placebo). The observed patterns of differential gene expression were utilized to assess the magnitude of activation in two proinflammatory transcription control pathways: AP-1/Fos-Jun family of transcription factors and NF-κB/Rel family of transcription factors. Analyses identified 17 gene transcripts that were upregulated >1.2-fold by endotoxin exposure (Supplement, Differentially Expressed Genes), including the pro-inflammatory genes, IL1B, IL8, TNF, PTGS2 (COX2), and CCL3; the dendritic cell activation marker CD83; the NF-κB-induced transcripts NFKBIZ and NFKBIA (IκB-alpha and -zeta); the AP-1 family member FOSB; and the activation-related transcription factors, EGR1 and EGR2. No gene transcripts were downregulated >1.2-fold in response to endotoxin. The magnitude of increase in TNF RNA concentrations from baseline to T0.5 correlated positively with the magnitude of increase in TNF protein concentrations from baseline to multiple follow-up time points, including T3 (r = 0.42, P < .001) and T6 (r = 0.52, P < .001). TELiS bioinformatics was applied to all genes showing >1.2-fold difference in the magnitude of the interaction term for the selected socio-behavioral variables (For each moderator, specific genes are listed; Supplement, Differentially Expressed Genes) For socio-emotional variables, results indicated that perceived stress and sensitivity to social disconnection interacted with endotoxin, such that high levels of perceived stress predicted increased endotoxin-induced activation of both AP-1 (P < 0.01) and NF-κB (P < 0.01). As reported previously [19, 20] , sensitivity to social disconnection also predicted increased activation of AP-1 (P < 0.02) and NF-κB (P < 0.02). (Fig. 3) For the behavioral variables, depressive symptoms at baseline interacted with endotoxin such that higher levels of depressive symptoms predicted greater endotoxin-induced activation of AP-1 (P < 0.01) but not NF-κB (P = 0.09) (Fig. 3) . However, for anxiety, no difference in endotoxin-induced activation of AP-1 (P = 0.06) or NF-κB (P = 0.59) was found.
Ancillary analyses found no significant interactions for any of the moderators on Type I IFN responses (P > 0.50).
DISCUSSION
In healthy adults, inflammatory exposure using endotoxin administration induced increases in depressed mood as compared to placebo. Consistent with the social signal transduction hypothesis of depression that links experiences of heightened social-environmental stress with increased inflammation to drive depression, the magnitude of the depression response was shaped by multiple socio-emotional factors and behavioral symptoms. Indeed, higher levels of perceived stress and sensitivity to social disconnection, along with baseline symptoms of anxiety and depression, were all found to moderate severity of depressed mood in response to endotoxin as compared to placebo, suggesting that perceptions of stress, sensitivity to social disconnection, and related anxiety and depressive symptoms lead to exaggerated affective vulnerability following inflammatory exposure. Importantly, among these factors, anxiety emerged as having a particularly salient role; anxiety symptoms prior to endotoxin exposure uniquely and strongly predicted those most at risk for increases in depressed mood, when taking all other factors into account.
Molecular analyses examined parallel variations in endotoxininduced activation of pro-inflammatory transcription control pathways (NF-κB and AP-1) in circulating immune cells. Results suggest that the moderating effects of baseline levels of perceived stress, sensitivity to social disconnection, and depressive symptoms on depressed mood, but not anxiety symptoms, may stem, at least in part, from increased leukocyte transcriptional response to endotoxin.
Prospective data have found that anxiety, sub-syndromal depressive symptoms, and sleep disturbance serve as risk factors or prodromal symptoms to identify those adults most likely to develop a depression [2, 3, 5, 26, 27] . Furthermore, anxiety and major depressive disorder show a high level of shared common variant risk [28] . This experimental study confirms the salience of anxiety and depressive symptoms for affective vulnerability and provides novel insight that these behavioral symptoms may increase depressed mood in response to inflammatory stimuli, in part by augmenting leukocyte inflammatory responses (i.e., depressive symptoms) or, in the absence of increases in leukocyte inflammatory responses, by augmenting affective sensitivity to inflammatory cytokines (i.e., anxiety symptoms). Previously, we found that the moderating role of sleep disturbance on depressed mood was limited to females [24] . However, severity of sleep disturbance in this sample of males and females may be too minimal to detect an effect.
Given that perceived stress, sensitivity to social disconnection, and depressive symptoms appear to regulate the magnitude of inflammatory response in part by increasing activity of proinflammatory transcription factors, targeting these specific sociobehavioral profiles by using precision-based therapeutic approaches and/or peripheral anti-inflammatory interventions may mitigate the risk for depression following exposure to a heightened inflammatory state (i.e., infectious challenge, psychological stress).
Several limitations require consideration. First, it is not known whether these findings generalize to older adults or to subgroups who are at elevated risk for depression (e.g., patients with anxiety disorders). Second, whereas endotoxin exposure can be used as an experimental probe to understand the role of inflammation in Fig. 2 Associations between change in depressed mood from T0 (baseline) to T2 and baseline levels of A anxiety symptoms and B depressive symptoms in endotoxin (red) vs. placebo (blue) conditions, as illustrated by estimated regression lines by condition. Curvilinear brackets indicate residual standard error. For changes in depressed mood, results are presented as natural log transformed sickness behaviors [15, 55] , the main effect of endotoxin on depressed mood remains significant after controlling for sickness symptoms at T2 [19, 20] . Third, future research is needed to evaluate whether differences in the relative prevalence of monocytes contribute to differences in inflammatory reactivity. Fourth, this study was not powered to resolve the quantitative strength of the moderators within the endotoxin group itself. Finally, acute increases in depressed mood in this experimental model do not indicate induction of clinical depression.
In summary, administration of endotoxin serves as an experimental approach to probe mood changes invoked by systemic inflammation, as well as the biological mechanisms of these effects. Given the acute and time-limited effects of endotoxin administration, implications for inflammatory biotype of depression, or for inflammatory conditions co-morbid with depression, are not yet fully appreciated. Nevertheless, the fact that multiple socio-behavioral factors which are independently associated with depression risk were also found to moderate both endotoxininduced depressive responses and gene transcriptional profiles underscores the value of this experimental model of the inflammatory biotype of depression. Further research using this experimental model will inform the mechanisms linking socioemotional and behavioral profiles to affective vulnerability and will provide new insights for development of varying and targeted therapeutic approaches to prevent or treat the inflammatory biotype of depression. Fig. 3 Transcription factor-binding motif (TFBM) ratio for transcription factors, activator protein (AP)-1 and nuclear factor (NF)-κB, as measured by TELiS promoter-based bioinformatic analyses of genes, in endotoxin vs. placebo condition. Selected covariates or moderators were those found to moderate changes in depressed mood following endotoxin exposure
